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Abstract: A model of a delta-connected three-phase stand alone induction generator (SEIG) feeding a delta-
connected load is derived and presented. This model includes the core losses where the core resistance is
modeled as a function of the magnetizing reactance. Furthermore, the magnetizing reactance has been included
in the negative sequence equivalent circuit as a variable. The model is applicable to R-L, R-C or resistive and
three phase or single phase loads, balanced or unbalanced with any degree of unbalance. The SEIG
performance has been computed for different single phase loading conditions iteratively. These results are
confirmed experimentally.
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l. Nomenclature

Symbols

a Operator 1.£120°

R, X, Z Resistance, reactance, and impedance respectively.

C, Xc Excitation capacitance and its reactance.

F,v Per unit frequency and speed respectively.

V, | Voltage and current respectively.

Subscripts

0,12 Zero, Positive, and negative sequence components respectively.
s, r,m Stator, rotor and Magnetizing quantity respectively.
ab, bc, ca Phases of the system.

P,n Positive and negative, respectively.

g Air gap quantity.

c Core quantity

G, L Generator and load respectively.

1. Introduction

Due to the increased emphasis on the energy issues and problems, concentration has been focused upon
developing autonomous electric power supplies to be operated in remote and rural areas where electric services
is unavailable from existing or nearby grids. These types of power sources can be used even in regions supplied
by network grids in the event of power interruptions. Among such types that have received a notable attention
and importance is the three-phase self-excited induction generator due to its numerous advantages such as
simple design, robustness, and low installation and maintenance costs [1-4]. Experimental works and computer
simulations have been extensively performed in order to model and analyze both steady state and transient
performance of the SEIG under balanced operating conditions. However, the unbalanced operation of the SEIG
has been given little attention despite its practical needs. There are two main methods to predict the steady state
performance of the SEIG under balanced operating conditions. The first method is based on the generalized
machine theory [5]. The second method is based on the analysis of the generalized per-phase equivalent circuit
of the induction machine by applying either the loop impedance or the nodal admittance concept [6,7].
Furthermore, other studies have concentrated only on the single-phase self-excited induction generator and its
voltage regulation improvement [8]. The influence of the terminal capacitance has been investigated in [9,10].
The previous studies have centralized mainly on modeling and analyzing the performance of SEIG under only
balanced operating conditions. In this paper, modeling and performance analysis of SEIG under single phase
loading conditions in the steady state are presented. A model of a delta-connected SEIG feeding a delta-
connected load is derived in detail. The effect of the machine core losses is considered by representing the core
resistance as a second order polynomial in terms of X. Furthermore, the magnetizing reactance has been
included in the negative sequence equivalent circuit as a variable. The positive and negative sequence equivalent
circuits are used to model the SEIG. The final characteristic equation is reached by equating both the positive-
sequence and negative-sequence voltages across the SEIG and the load.
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1. Modeling
Fig.1 shows a A-connected SEIG feeding a A-connected load. This load may be defined as follows:

Zab = ZLab//XCab ) Zbc = ZLbc//XCbc ) an = ZLca//XCca ’
where,
ZLab:RLab"'jXLab ) ZLbc:RLbc+jXLbc ’ ZLca:RLca+jXLca

The symmetrical components for this type of load connection are as follows [10]:

Zy B
Zy| = 3 1 a a° Zpe @
Zy 1 a> a Zea

Since the load as well as the generator is connected in delta, hence, the phase and the line voltages of both the
generator (Vayg) and the load (Vi) are equal. The symmetrical components of the phase voltage (V) at the
load side are as follows:

VabLo Zy Zp Z; labLo
Va1 | =121 Zo 2y labL1 2
VabL2 Zy, 2y Zg labL2

It is known that for a A-connected load, Va0 = 0, S0 substituting in (2), yields:

labo = - (% lapa + Zalani2)/ 2o 3
Also from (2):

Vapt1 = Z1 labio + Zo lapis + Z2 labio 4)
VapLz = Zp laplo + Z1 lapis + Zo lapL2 ®)
From Fig.2, the terminal voltages of the SEIG are:

Vo = -lan Zp (6)

Vo = lapo Zy ()

Fig. 1. A-connected SEIG feeding a A-connected load
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Fig. 2. Sequence equivalent circuits of SEIG
(a) Positive-sequence (b) Negative-sequence
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It can be shown that the sequence components of phase and line currents shown in Fig.1 are related as follows
[10]:
lag = (1-a) layy ®)

lap = (1-2%) Iy ©)
Since self-excitation is assumed to occur, i.e., 1,;#0 and using equations 3-9, yields:
ALAg — AgAy =0 (10)

2,2, 2,7, 22 Z,°
-Z5-2 Ay =Z4 - +Z —7, (5L —(%2.y_
ZO) 0=Zp A O(Zo) n Agzz(zo) A4(ZO)21

where A =(

This characteristic equation is complex. Accordingly, both real and imaginary parts must equal to zero.
Substituting the machine parameters, speed, and excitation capacitors values, yields two nonlinear equations
with constant coefficients in F and X;,. Solving iteratively to find the real roots of the equations that satisfy the
constraints, the values of F and X, can be found. Hence, the performance of the generator may be determined.
The derived model was tested against the machine with the parameters mentioned in appendix A.

V. Results and Discussion

4.1. Three Excitation Capacitors-Single Phase Load

The SEIG is excited by a balanced set of excitation capacitors and a single phase resistive load is
attached to it, namely, R,,= 5.3 p.u. In Fig.3, the variation of the magnetizing reactance X, against the excitation
capacitance for this loading condition is shown along with the variation of the positive-sequence equivalent
circuit terminal voltage V,, the air gap voltage Vy, and the frequency F. It is clear that X, varies with the
excitation capacitance in a nonlinear fashion as expected. Furthermore, the voltage V, has a maximum at a
certain capacitance and the same applies for V. On the other hand, the frequency F decreases as the excitation
capacitance is increased. Fig. 4 shows the variation of phase (line) voltages with excitation capacitance. The
output voltages are unbalanced as expected where V. is the highest among all output voltages and V, is the
lowest. Furthermore, Fig.5 shows the variation of line currents against the excitation capacitance. The line
currents are unbalanced where 1, is the highest and I, is the lowest.

4.2. Two Excitation Capacitors-Single Phase Load

The SEIG is excited by Cy. and C., with a single phase load attached to its terminals. The load consists
of R.=5.3 p.u.. Fig.6 shows the variation of V,, V,, F, and X, with the excitation capacitance. Again we can say
that these parameters behave in similar manner as those of the previous case. Fig.7 shows the variation of output
phase (line) voltages against excitation capacitance. The solid line traces represent the output voltages when the
load is attached across phases (b) and (c), i.e., parallel to one of the excitation capacitors. Furthermore, the
dashed line traces represent the output voltages when the load is attached across phases (a) and (b). The output
voltages are unbalanced as expected where the degree of unbalance depends on the load location with in the
system. On the other hand, Fig.8 shows the variation of line currents for the same situations described earlier.
The line currents are unbalanced as expected and Line (a) as well as line (c) is carrying higher current when the
load is connected across phases (a) and (b).

4.3. Single Excitation Capacitor-Single Phase Load

The SEIG is excited by a single capacitor, namely, Cp. with a 5.3 p.u. attached to its terminals. Fig.9
and Fig.10 show the variation of output phase (line) voltages and the variation of line currents against excitation
capacitance, respectively. The solid line traces represent the output voltages (currents) when the load is attached
across phases (b) and (c), i.e., parallel to the excitation capacitor. Furthermore, the dashed line traces represent
the output voltages (currents) when the load is attached across phases (a) and (b). The output voltages are
unbalanced with higher output voltages when the load is connected across phases (b) and (c). Moreover, the line
currents are unbalanced with lines (b) and (c) carrying higher currents when the load is connected across phases
(b) and (c). Hence, the level as well as the degree of unbalance of output voltages and line currents depends on
the load location within the system.

V. Conclusions
A model of a delta connected SEIG feeding a delta connected load based on the sequence equivalent circuits of
the SEIG and the sequence components of the three-phase load was developed. The performance of the SEIG
was determined for single phase load condition. The operating conditions were found by solving the proposed
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model iteratively. The position of the single phase load affects the level and the degree of unbalance of the
output voltages and currents.
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Appendix A

Parameters of the self-excited induction generator:

The test machine was a three-phase, Y/A, 460/265 V, 7.1/12.3 A, 60 HZ, induction machine with the following
parameters: Rs = 0.085, R, =0.042, X;=0.075, X,=0.112, X,=2.176 (all in p.u.), Zpsse = 37.406 Q, base speed =
1800 rpm. The relation between air gap voltage and magnetizing reactance as well as the relation between core
resistance and magnetizing reactance is given in [11].
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